Brain-derived neurotrophic factor (BDNF) is closely linked with neuronal survival and plasticity in psychiatric disorders. In this work, we engineered degradable, injectable alginate microspheres and non-degradable, implantable poly(ethylene vinyl acetate) matrices to continuously deliver BDNF to the dorsal hippocampus of rats for two days or more than a week, respectively. The antidepressant-like behavioral effects of BDNF delivery were examined in the Porsolt forced swim test. Rats were sacrificed 10 days after surgery and tissue samples were analyzed by western blot. A small dose of BDNF delivered in a single infusion, or from a two-day sustained-release alginate implant, produced an antidepressantlike behavior, whereas the same dose delivered over a longer period of time to a larger tissue region did not produce antidepressant-like effects. Prolonged delivery of BDNF resulted in a dysregulation of plasticity-related functions: increased dose and duration of BDNF delivery produced increased levels of TrkB, ERK, CREB, and phosphorylated ERK, while also producing decreased phosphorylated CREB. It is evident from this work that both duration and magnitude of BDNF dosing are of critical importance in achieving functional outcome. 
Introduction
Major depression is a complex disorder characterized by profound behavioral and biochemical changes that severely impact quality of life. Depression is associated with decreases in structural plasticity, altered cellular resilience and neuronal atrophy in both experimental and clinical settings (Manji et al., 2003; Duman et al., 2000; Duman, 2004; Ongur et al., 1998) . Since direct administration of neurotrophic factors in animals is known to increase sprouting and growth of neurons, it has been suggested that the learning and adaptive deficiencies observed in depressive phenotypes are the consequence of decreased neuroplasticity due to loss of neurotrophic support in the brain (Korte et al., 1995; Garcia, 2002) . Of all the neurotrophins, brain-derived neurotrophic factor (BDNF) has received the most attention for its role in the loss of central nervous system plasticity that may underlie major depression. Clinical and experimental models of depression are associated with decreased expression of BDNF (Smith et al., 1995b; Duman and Monteggia, 2006) , whereas antidepressant treatment is associated with increased expression of BDNF (Duman, 2005) . Furthermore, direct administration of exoge-neous BDNF produced antidepressant-like effects in the forced swim and learned helplessness paradigms in rats Shirayama et al., 2002; Hoshaw et al., 2005) . The causal role of BDNF in the etiology of depression is complex; however, it is clear that BDNF or the signaling pathways related to its function are potential targets for the development of new therapies.
The delivery of proteins, small molecules and other active agents to the brain is a challenge to testing the local action of pharmaceuticals. Since many drugs do not normally cross the blood brain barrier, they must be directly infused into the brain region of interest by implantation of a permanent guide cannula affixed to the skull. Repeated infusions cause significant tissue damage, which limits the treatment duration of animal studies. Furthermore, the biological activity and concentration of drugs after periodic administration is not always known. It would therefore be advantageous to deliver sustained levels of drug directly to local brain regions without the use of a permanently implanted guide cannula.
In this work, we developed implantable, sustained-release polymers to deliver BDNF to local brain regions (Fig. 1) . Poly (ethylene vinyl acetate) (EVAc) is an inert, biocompatible, nondegradable polymer that has been used for FDA-approved applications in humans. To create solid matrices of polymer containing drug, the drug, polymer, and an inert codispersant are dissolved in an organic solvent, which is evaporated to yield a solid drug-polymer matrix. After implantation, the codispersant dissolves and the drug diffuses through an interconnected network of pores to the surrounding tissue site. Biomaterials constructed from EVAc can be designed to deliver active agents over the course of weeks or months (Smith et al., 1995a; Saltzman et al., 1999; Gruber, 2006) . Alginate is a biodegradable polymer that has been used extensively for the delivery of growth factors in vivo. An injectable form of alginate is constructed by cross-linking droplets of alginate-drug solution with Ca 2+ , or other bivalent cations, to form stable polymer microspheres containing drug. After implantation, Ca 2+ ions diffuse out of the polymer network, allowing alginate to dissolve and liberating trapped drug. Microspheres composed of alginate can be designed to release drug over durations of days or weeks (Cho et al., 1998; Elcin et al., 2001; Ueng et al., 2004 ). We applied BDNF-releasing biomaterials with varying release kinetics in a rat model of antidepressant efficacy in order to explore how delivery rate affects biological outcomes relevant to depression. Our goals were two-fold: first, to examine behavioral and biochemical effects of BDNF delivery to the hippocampus, and, second, to develop drug delivery devices which could be used for future exploration of the biological effects of compounds that do not normally cross the blood brain barrier. To our knowledge, these experiments are the first to report the application of polymeric protein delivery devices in the study of psychiatric illness.
Results

Biomaterial characterization
To determine the rate of release of BDNF from polymer material, samples of BDNF-EVAc and BDNF-alginate were incubated Fig. 1 -Schematic describing EVAc and alginate biomaterial construction. Porous EVAc matrices were constructed by dissolving polymer with drug and an inert dispersant in organic solvent. This mixture was poured onto a chilled aluminum mold and the solvent was subsequently evaporated. Biodegradable alginate microspheres were created by adding cross-linker to an emulsified alginate-drug solution.
in buffer solution at 37°C (Fig. 2) . Alginate microspheres were observed to release the majority of BDNF within 2 days, whereas EVAc implants released BDNF for more than 7 days (not all of the BDNF was released from EVAc implants during the time-frame studied here). To determine whether the released BDNF was bioactive, free BDNF, BDNF obtained from controlled release supernatant, and implants containing BDNF were applied to PC12-TrkB cell cultures. A neuronal phenotype, evident by process outgrowth, was observed in all cells that were treated with BDNF, regardless of the source of BDNF (Fig. 3) . Minimal neurite extension was observed in non-treated or material-only control cells. EVAc and alginate materials were therefore effective vehicles to deliver bioactive BDNF to the brain. Nissl staining was used to verify BDNF delivery coordinates. To further explore the accuracy of implant placement, a series of pilot experiments were performed in which rats received BDNF-EVAc implants and were sacrificed after behavioral testing for Nissl staining. Quantitative measures of EVAc-BDNF implant placement (e.g., implant length) were compared to behavioral scores in the forced swim test. No correlation between implant placement and behavioral score was identified (data not shown). For n = 40 animals, an independent observer who was familiar with stereotactic surgery methods judged that the EVAc implants reached the target tissue region of CA1/DG (sample image provided in Fig. 2 ). In general, the implants were well-tolerated and there was minimal damage to the tissue region surrounding the implant. We are therefore confident that the surgical method used to place BDNF-EVAc biomaterials was effective and accurate.
Behavioral effects of BDNF infusions
To determine how varying modes of delivery affected the antidepressant-like action of BDNF, we examined rat behavior in a modified version of the Porsolt forced swim test. The EVAc implant was smaller than a typical cannula used for infusions and Nissl staining confirmed that the polymer was welltolerated, so we did not expect that the presence of the implant would influence baseline behavior. No differences in Fig. 2 swimming, climbing or immobility measures were observed for rats that received saline infusions, blank microsphere or blank EVAc implants (Fig. 4a , one-way ANOVA p = 0.95), indicating that the vehicle does not alter baseline behavior. Therefore, the three material controls were pooled into a single group for statistical analysis of behavior. Single, bilateral infusions of BDNF in saline or implantation of BDNF-releasing microspheres (doses of 0.25 μg per hemisphere) produced significantly decreased immobility compared to control (Fig. 4b) . However, BDNF-releasing EVAc implants did not produce antidepressant-like behavior, regardless of the total dose administered (0.25, 3.8 or 11 μg per hemisphere, Fig. 4b ). Increased swimming behavior was observed in the BDNF-infusion and BDNF-alginate groups, although climbing behavior was not different than control (Figs. 4c-d ). These results demonstrate that varying modes of BDNF delivery produced varying behavioral effects.
To determine the effect of BDNF on activity, rats were tested in the open field paradigm prior to their first forced swim session. While the open field test was conducted under standardized conditions that have been previously demonstrated to be sensitive to the effects of benzodiazepine anxiolytics, the present study did not observe any effect of BDNF on this psychological realm. No differences in total movement, number of center entries, or duration of center activity were observed for any of the groups (data not shown). We conclude that under the conditions tested here, BDNF delivery did not affect activity levels.
Biochemical effects of BDNF
To determine how varying rates of BDNF delivery affected biochemical pathways regulated by BDNF, rats that received behavioral testing were sacrificed two days after the final forced swim session (10 days after surgery) and western blot was performed on hippocampal tissue samples obtained from the CA1/DG regions. In order to better visualize how dose and delivery duration affect BDNF function, we plotted all dosing groups on a single x-axis, where the dosing groups were ranked by increasing dose and duration of BDNF exposure (HD matrix > MD matrix > LD matrix > LD alginate > LD infusion) and the material control has a value of 1. Increasing dose and duration of BDNF exposure produced an increase in total TrkB, ERK and CREB; phosphorylated TrkB was unaffected, phosphorylated ERK was increased, and phosphorylated CREB was decreased (Fig. 5 ). These results demonstrate that varying modes of BDNF delivery produced varying effects on biochemical pathways that are regulated by BDNF.
Discussion
Sustained, local drug delivery from polymer-based biomaterials is often less invasive and more effective than conventional therapy (Saltzman, 2001) . The development of controlled release biomaterials for application in the brain could allow for the delivery of psychotropic agents that would not otherwise be tested. Polymeric drug delivery devices have been applied in both the central and peripheral nervous systems (Menei et al., 1994; Aebischer et al., 1996; Valtonen et al., 1997; Xudong and Shoichet, 1999; Terenghi, 1999; Bloch et al., 2001; Stokols et al., 2006) , and for the controlled delivery of BDNF (Mittal et al., 1994; Sakane and Pardridge, 1997; Vejsada et al., 1998; Penschuck et al., 1999; Loh et al., 2001; Aszmann et al., 2002; Patist et al., 2004; Winter et al., 2008; Shi et al., 2008) . However, to our knowledge, this is the first study to utilize controlled release biomaterials in a model of rodent behavior. We observed that implantable biomaterials were effective vehicles to deliver BDNF to the hippocampus of rats. Biodegradable, alginate microspheres and non-degradable, EVAc implants were designed to release sustained levels of neurotrophin for several days or more than a week, respectively. BDNF released from these devices remained bioactive. The surgical method resulted in accurate implant placement in the CA1 and DG regions of the dorsal hippocampus, and the polymers were well-tolerated. No obvious cell death was observed in culture, and minimal tissue damage was observed in the whole-brain. We observed that EVAc and alginate materials were effective vehicles that could be used to deliver varying rates and doses of bioactive BDNF to a local tissue region.
EVAc and alginate materials may be of interest for sustained-release application in the central nervous system beyond what was examined in this series of experiments. Alginate implants are an advantageous delivery method for several reasons. The formulation conditions utilized for the manufacture of alginate microspheres allows for high loading of drug in polymer with the use of an aqueous solvent (the use of an organic solvent in EVAc formulations could decrease the efficacy of some active agents). The high loading of alginate microspheres becomes particularly advantageous when compared to the loading of BDNF that was achieved for other polymeric microsphere formulations (1:1000 for poly(lactideco-glycolide), data not shown). Second, microsphere doses can be administered by the same infusion protocols used for fluid infusions and thus pose only minimal change to established delivery methods. EVAc implants pose a separate set of advantages. Since solid matrices are formulated by a solventcast method, no drug is lost in the formulation steps and total loading of drug in polymer is known exactly. Furthermore, the geometry of the EVAc implants can be altered in order to target larger tissue regions, and EVAc materials can also be designed to deliver sustained doses of drug for longer periods of time than alginate materials. The best choice of drug delivery material will therefore depend on a combination of drug delivery requirements, which include the desired material platform, dose and release kinetics.
In these studies, EVAc matrices released BDNF throughout the period of time studied, whereas alginate microspheres released the majority of encapsulated BDNF over 1-2 days. The half-life of BDNF in the brain is unknown, however, the halflife of nerve growth factor (NGF), a neurotrophin of similar size and charge, is reported to be less than 1 h (Krewson and Saltzman, 1996) . Since BDNF and NGF both activate the Trk family of receptors, it is likely that the half-life of BDNF is also on the order of hours. The BDNF delivery methods utilized here can therefore be ranked in the order of magnitude and temporal/spatial duration of BDNF exposure: HD matrices > MD matrices > LD matrices > LD microspheres > LD infusion.
In this work, distinct behavioral differences in the forced swim test were observed between rats that received different formulations of BDNF. As previously reported (Shirayama et al., 2002) , a one-time, bilateral infusion of 0.25 μg of BDNF produced antidepressant-like effects in the forced swim test. Delivery of BDNF from alginate microspheres was also antidepressant-like, whereas delivery of BDNF from EVAc matrices was not antidepressant-like, even when the total dose was high (11 μg). The loss of antidepressant-like activity of BDNF was not due to lower effective concentration. Since delivery of BDNF as a single infusion or from alginate microspheres produced an increase in swimming behavior with no change in climbing behavior, it is possible that BDNF function was mediated via serotonergic action (Cryan et al., 2005) . Although these experiments were not designed to study the serotonin system, selectively enhanced swimming behavior is consistent with other published reports demonstrating enhanced serotonin function and the sprouting and survival of serotonergic neurons after the direct delivery of BDNF (Siuciak et al., 1996; Mamounas et al., 1995) . Our results suggest that sustained exposure to BDNF may interfere with its previously reported antidepressant-like effects.
Behavioral effects after infusion of BDNF have been examined for several modes of neurotrophin delivery (summarized in Table 1 ). BDNF produced antidepressant-like effects when applied as a continuous, high-dose infusion to the midbrain Siuciak et al., 1997) , as a one-time, low-dose infusion into the hippocampus (Shirayama et al., 2002) , and as a one-time, low-dose infusion to the ventricles (Hoshaw et al., 2005) . In contrast, BDNF produced prodepressive-like behavior when administered as a continuous, low-dose infusion to the ventraltegmental area (VTA) of the nucleus accumbens (NAc) (Eisch et al., 2003) .
The different behavioral outcomes of BDNF administration observed in prior studies were attributed to region-specific functionality of the neurotrophin. Since there are drugs which are known to exert one type of action in one brain region and exert an alternate (sometimes opposite) action in other brain regions (Jussofie, 1993; Reuss et al., 2000; Wortwein et al., 2006) , it would not be surprising to observe region-specific functionality for BDNF action. The fact that the BDNF receptor, TrkB, undergoes precise regional and developmental regulation emphasizes this point: it is likely that the local function of BDNF is strongly influenced by the underlying distribution of its receptor (Anderson et al., 1995) . However, there are also known instances of drugs whose activity depends on the duration or periodicity of administration protocol (Koopmans et al., 1996; Laursen et al., 2001; Samaha et al., 2008) , raising the possibility that the biological effect of increased levels BDNF could depend on the duration over which it is delivered.
The temporal pattern of delivery is particularly important to consider for the direct delivery of BDNF or for therapies that are designed to increase levels of BDNF in a sustained, nonactivity-dependent manner. It is known that sustained levels of BDNF can result in down-regulation of TrkB and activation of cell death pathways, and prior exposure of cells to BDNF regulates sensitivity of cells to BDNF in vitro. For example, primary hippocampal cultures that were primed with a single exposure to BDNF on day 0 could not be stimulated by BDNF to produce c-fos on day 6 (Frank, 1996) . The sustained presence of BDNF can also be harmful to cells. Neuronal necrosis was observed after 48 h of continuous exposure of BDNF in primary cortical cultures (Kim et al., 2003) , and sustained application of BDNF to the spinal cord was neurotoxic above doses of 1 μg per day (Boyd and Gordon, 2002) .
Sustained delivery of BDNF is known to produce a variety of complex effects in vivo; certain delivery paradigms produced down-regulation of plasticity-related cellular processes. Although continuous infusion of high doses of BDNF to the midbrain produced antidepressant-like effects in the forced swim test , the same delivery protocol produced compensatory deactivation of TrkB, with total levels of TrkB protein reduced by 70% after 6 days of continuous BDNF delivery (Frank et al., 1997) . In other studies, BDNF was used to increase the excitability of neurons in order to induce seizures in rats (Xu et al., 2004) . It was observed that serial bolus infusions of BDNF in the hippocampus produced seizures, whereas the same dose delivered continuously did not. Levels of phosphorylated TrkB were down-regulated after continuous delivery when compared to bolus delivery, yet, at sufficiently high, continuously delivered doses, BDNF regained kindling activity. Since TrkB is unlikely be entirely deactivated (i.e., there will always be some receptors present), it appeared that continuous exposure to BDNF produced down-regulation of receptor activity that was overcome by increasing the dose of BDNF (Xu et al., 2004) . In our experiments, we observed that animals which exhibited antidepressant-like behavior had lower levels of TrkB than animals that did not exhibit antidepressant-like behavior. Prior experiments designed to examine the role of BDNF in neuroplasticity have used a variety of methodologies, with different delivery locations, durations, and doses, and with behavioral and biochemical metrics that are measured at different times. Direct comparison of each of these studies with our work is not possible, due to methodological differences, however, taken collectively, two key features of BDNF function are evident: (1), the relationship between neuroplasticity-related behavior and neuroplasticityrelated biochemistry is complex, and (2), the precise effect of BDNF individual components of neuroplasticity-related processes depends on how it is delivered. It is possible to speculate on the association of the observed behavioral with these biochemical measurements, and it is particularly interesting to consider how delivery duration may affect the typical direction of association of members of the pathway. It was expected that TrkB, ERK and CREB would be regulated in the same direction (Hu et al., 2000; Grewal et al., 1999) . Instead, we observed biochemical changes for different doses and duration of delivery that occurred in distinct directions for different members of the pathway. Since CREB regulates gene transcription activity through phosphorylation dependent and independent mechanisms, increased levels of CREB as well as pCREB have been implicated in the action of some antidepressant drugs (Blendy, 2006 ). Yet, in these experiments, antidepressant-like effects were not observed in animals that exhibited increased levels of CREB. These results suggest adaptation of the CREB pathway to sustained BDNF exposure that has not been observed in prior acute studies.
It was also expected that up-or down-regulation of Trk, ERK and CREB would reflect up-or down-regulation of protein levels associated with neuronal plasticity. In these experiments, levels of pCREB/CREB were observed to decrease in the same animals where TrkB, ERK and CREB tended to increase; the animals with low levels of pCREB/CREB also did not demonstrate reduced immobility after BDNF exposure. Phosphorylation of CREB is known to regulate gene transcription (Chrivia et al., 1993; Bito et al., 1996; Shaywitz and Greenberg, 1999) , and this regulation of gene transcription by phosphorylated CREB produces complex downstream effects in gene translation that are believed to be necessary for the induction of late-phase long term potentiation (L-LTP). L-LTP is the mechanism by which alterations in neuronal plasticity occur, and neuronal plasticity is one of the mechanisms by which neurotrophins are believed to exert therapeutic effect. Therefore, the observed decrease in pCREB/CREB in animals that did not have a behavioral response to treatment suggests that the sustained delivery of BDNF produced deficits in neuronal plasticity-related biochemical pathways, as ultimately measured by behavior in the forced swim paradigm. In future studies, it would be interesting to characterize the full doseresponse relationship for BDNF function, in order to determine the precise dose and duration-dependent threshold over which BDNF produces dysregulation of CREB function.
In these studies, BDNF was delivered to the rat hippocampus via three vehicles: saline infusion, alginate microspheres, and EVAc implants. The dose and duration of BDNF delivery vary for each vehicle, as does the material that comes in contact with the hippocampal cells. An important question follows: is the lack of behavioral effect observed with BDNF-EVAc due to material effect, (for example, an increase in hippocampal damage)? We feel confident in concluding that our observations are not solely due to material effect for several reasons. First, EVAc is known to be biocompatible in the brain (During et al., 2004) , and neuronal regeneration has been observed in the presence of EVAc in other systems (Tornqvist, et al., 2000; Barras, et al., 2002) . There is no expected mechanism by which the presence of EVAc, a solid, non-degradable polymer could halt part (e.g., phosphorylation of CREB) but not all (e.g., phosphorylation of ERK) of neuroplasticity-related processes. Second, BDNF was reported to produce neuroplasticity-related behavioral effects in the presence of significant hippocampal damage produced by a permanently implanted guide cannula (Cirulli and Chiarotti, 2004) . The EVAc implant produces less hippocampal damage than a permanently implanted guide cannula, due to the lower volume and stationary nature of the implant. Guide cannulae commonly produce significant amounts of brain damage, yet we are not aware of any study that has demonstrated a lack of behavioral effect due solely to the presence of the cannula. Third, there were no differences in baseline behavior between vehicle controls. Fourth, in all cases, regardless of delivery vehicle, BDNF was bioactive and produced dose-and duration-dependent biochemical effects. It is therefore not likely that the lack of behavioral effect observed in these studies is due to differences in delivery material alone. We conclude that particular durations of delivery could interfere with the neuroplasticity-related antidepressant-like function of BDNF. The dose-and duration-dependent effects of BDNF are therefore important considerations in the development of therapies that seek to manipulate BDNF function in the brain.
EVAc and alginate-based biomaterials both effectively delivered bioactive BDNF to the rat hippocampus for varying experimental durations. We observed antidepressant-like behavioral effects when BDNF was delivered over a short period of time to a confined target region; these effects were not observed when BDNF was delivered over a longer period of time to a larger tissue site. A significant increase in total protein levels was observed for TrkB, ERK and CREB for greater dose and duration of BDNF delivery. Levels of pTrkB/TrkB were unchanged and levels of pERk/ERK were increased whereas levels of pCREB/CREB tended to decrease for greater dose and duration of BDNF exposure. Our behavioral and biochemical results are in line with reports of BDNF-induced desensitization of plasticity-related function observed both in vitro and in vivo; these results support a growing body of evidence that suggests that the biological effects of BDNF can depend on the precise delivery paradigm. The observed decrease in pCREB/CREB suggests that the sustained delivery of BDNF produced a downregulation in gene transcription activities, which may have been responsible for functional deficits in neuronal plasticity on a behavioral level. In sum, dysregulation of BDNF-associated, plasticity-related pathways was observed after the sustained delivery of BDNF in the dorsal hippocampus of the rat. Our results highlight an important consideration for the development of therapies to target BDNF-related pathways: the manner in which an autoregulatory pathway is perturbed can influence its biological outcome.
4.
Experimental procedures
Biomaterial construction
BDNF-containing microspheres were fabricated by dissolving 4% w/v of alginic acid (viscosity 200,000-400,000 cps, SigmaAldrich, St. Louis, MO) with BDNF in molecular grade water containing 0.2% HPMC (Sigma). The BDNF solution was dialyzed through a 10 kDa dialysis membrane (Thermo Scientific, Rockland, IL) to remove excessive buffer salts. To prevent endotoxin contamination, reagent solutions were filtered and all equipment was heated to 250°C for 2 h prior to use. The alginate-BDNF solution was passed through a 0.22 μm PES membrane (Millipore, Kankakee, IL) and stored at 4°C prior to use. Three ml of alginate-BDNF solution and 1 ml of 30% Tween 80 were added dropwise to a mixture of 13.5 ml isooctane and 5% Span 80 undergoing homogenization at 17,500 RPMS. Cross-linking solution (2.5 ml of 8% filtered calcium chloride) was added dropwise to the beaker at a rate of 4 ml/min. The cross-linked mixture was homogenized for 3 min. Isopropanol (13.5 ml) was added to the beaker over 30 s and homogenized for 3 min. The resulting solution was centrifuged and washed twice with isopropanol. After the final wash, the supernatant was gently poured off, and the remaining isopropanol was evaporated off with an air stream. The CaCl 2 -cross-linked alginate particles were resuspended in water, frozen and lyophilized for 48 h to yield a free flowing powder. EVAc matrices were fabricated to contain 1, 7.6 and 22 μg BDNF/mg EVAc. The desired quantity of BDNF was first dissolved in water with an inert sugar, Ficoll (400 kDa, Sigma). The amount of added Ficoll was calculated to account for the buffer salts present in the BDNF solution (0.92 mg salt/mg BDNF) to bring the total loading of non-polymer to 50% of implant weight. The mixture was frozen, lyophilized and ground to a fine powder. One hundred mg of EVAc was dissolved in 2 ml of methylene chloride (Sigma). The protein-sugar powder (100 mg) was added to the polymer solution and vortexed briefly; the resulting suspension was poured into a chilled aluminum mold (−80°C) and allowed to freeze for several minutes. The polymer disks were stored at −20°C for 48 h and then lyophilized for 48 h to remove all traces of the solvent. The disks were stored at −20°C until use.
Biomaterial characterization
Controlled release experiments were conducted at 37°C; alginate particles and EVAc containing BDNF were incubated in 1.1 ml of PBS. Controlled release samples (1 ml) were removed and replaced at regular intervals: 2 h, 7 h, 12 h, 1, 2, 7, and 14 days for EVAc implants; 3 h, 8 h, 1 day and 2 days for alginate microspheres. Protein released from alginate microspheres was not detectable in media after 2 days. BDNF was quantified by BCA assay (Pierce, Rockland, IL). Microsphere diameter was measured with a light microscope at 60× magnification. Polymer-encapsulated BDNF was subjected to several processing steps, and so it was necessary to confirm that the encapsulated BDNF was bioactive. PC12-TrkB cells were cultured in DMEM media (Invitrogen, Carslbad, CA) containing 10% FBS (Invitrogen), 5% horse serum (Invitrogen) and penicillin streptomycin (Invitrogen) on collagen-coated (10 μg/well) 6-well plates to 50% confluency. Medium was replaced with serum-free DMEM containing BDNF (in free form, with polymer carrier, or obtained from controlled release samples) at a concentration of 50 ng/ml. Each material treatment was applied to three wells. Control cells were exposed to serum-free DMEM or serum-free DMEM with blank polymer. After 4 days of BDNF exposure, the cells were examined under light microscope at 20× magnification. Neurite extension was quantified using ImageJ (NIH, Bethesda, MD); values were averaged for 3 samples for each dosing group, with error reported as standard deviation.
4.3.
Stereotactic surgery
The stereotactic procedure followed the design of a prior study that observed antidepressant-like effects of BDNF delivery to the hippocampus (Shirayama et al., 2002) . Stereotactic coordinates were chosen to target the CA1 and DG regions of the dorsal hippocampus. A total of 72 male Sprague-Dawley rats (275-325 g; Charles River Laboratory) were housed in pairs, maintained on a 12-hour light-dark cycle and given ad libitum access to food and water. Surgical dates were counterbalanced among 8 experimental groups (doses are described in Table 2 ). The night prior to surgery, food was withheld. On day 1, rats were anesthetized with an intraperitoneal injection of pentobarbital (55 mg/kg). Burr holes were drilled bilaterally (AP = − 3.8 mm, ML = ±2.0 mm). Alginate microsphere solutions (6.25 μg polymer per μl saline) were prepared not more than 2 h prior to surgery. For saline and free BDNF infusions and implantation of blank alginate and alginate-BDNF microspheres, a Hamilton syringe was lowered to DV = −3.8 in order to pierce the membrane surrounding the hippocampus, raised to DV = −3.4, and 1 μl of fluid was infused over 10 min, followed by a 5-minute waiting period to prevent backflow. Implants were cut to size (0.25 or 0.5 mg) on the day of surgery. For blank EVAc and EVAc-BDNF implants, a 22-gage guide cannula containing the polymer implant was lowered to DV = −3.8, raised to DV = −3.4 mm, and the implant was pushed out with a dummy cannula. All infusions and implantations were bilateral. Incisions were closed using wound clips and the rats were treated with post-operation, interperitoneal injections of analgesia (carprofen, 5 mg/kg/day) for 3 days.
Behavioral tests
Open field activity sessions were conducted in a quiet, dimlylit room between 9 am and 12 pm on day 7 following surgery. Rats were placed in a 60 × 60 cm white plastic arena and allowed to explore the arena for 15 min. The arena was cleaned with water prior to each test and behaviors were taped for later blind scoring. A 3 × 3 grid was overlayed on the viewing screen and total number and duration of center-field entries (counted when all four limbs entered the center square) were recorded. Initial forced swim sessions occurred between 1 and 6 pm in a dark room on day 7 following surgery. Rats were placed in a Plexiglass cylinder containing water (24°C, 18 in. deep), allowed to swim freely for 15 min, and then dried with paper towels and placed on a heating pad before returning to home cage. A 5-minute re-test occurred between 1 and 6 pm on day 8. Swim sessions were taped for later scoring. Climbing was counted as activity during which both front paws reached above the waterline onto the plexiglass surface for the duration of the five second interval. Swimming was counted for all active, non-climbing intervals. Immobility was counted during intervals during which the rat made only the minimum effort necessary to stay afloat. Climbing, swimming and immobility behaviors were recorded in 5 second intervals by a rater blind to the experimental manipulations. In the original paradigm described by Porsolt (Porsolt et al., 1977) , rats were allowed to swim for 15 min on day 1, and pharmacological treatment was provided immediately after this first session. Rats were re-tested, with behavioral scoring, in a second, 5-minute swim session on day 2. Antidepressant treatment is known to produce a decrease in the time spent immobile during the day 2 session. In our experiments, rats were allowed to recover from surgery for 7 days prior to behavioral testing, and so they received pharmacological treatment prior to the first swim session. This modified paradigm is similar to other studies that have infused drugs without the use of permanent cannulae (Shirayama et al., 2002) .
4.5.
Sacrifice, tissue collection and western blots
Rats were sacrificed by rapid decapitation on day 12. The brains were quickly removed, placed on dry-ice, and stored at −80°C until use. On the day of processing, the brains were brought to −20°C for several minutes, placed on a dry-ice chilled aluminum mold (ASI Instruments, Avon Lake, OH), and sliced through the coronal plane into 2 mm sections. Hippocampal tissue was obtained with two 1 mm-diameter tissue punches (Fine Science Tools, Foster City, California) from the CA1 and DG regions immediately surrounding the infusion or implant location in each hemisphere. Tissue samples were dissociated with two 10 second sonication bursts in 200 μl of ice-cold sonication buffer (137 mM NaCl, 20 mM Tris-HCl, 1% igepal, 10% glycerol) with 1:100 protease and phosphatase inhibitor cocktails 1 and 2 (Sigma). A BCA protein assay (Pierce, Rockland IL) was used to determine total protein levels for each sample. For western blots, 5 μl of Laemmli buffer (20% glycerol, 2% sodium dodecyl sulfate) was added to 15 μl of sample containing 20 μg of tissue and boiled at 100°C for 10 min. The denatured proteins were loaded onto gradient Tris-glycine gels (Invitrogen), separated by SDS-polyacrylamide gel electrophoresis for 2-3 h at 100 V, and transferred to a 0.2 μm nitrocellulose membrane (Bio-Rad, Hercules, California) overnight at 20 V. All immunoblotting proceeded as follows, with four 15-minute washes in excess 0.1% Tween-20 PBS between each step: 2-hour block in 5% milk, 1-hour incubation with primary antibody, and 1-hour incubation with secondary antibody. The following antibodies were used: ERK Rb (1:2000, Cell Signaling), pERK Ms (1:1000, Cell Signaling), TrkB Ms (1:500, BD Biosciences), pTrk Rb (1:250, Cell Signaling), CREB Rb (1:1000, Sigma), pCREB Ser133 Rb (1:1000, Sigma), and β-tubulin Rb (1:5000, ABCam).
To verify the infusion location, fresh-frozen tissue was sliced to a thickness of 15-30 μm on a freezing cryostat (Leica, Belair Instrument Co., Springfield, NJ) and inverted onto warm, poly-L-lysine-coated glass slides (American Master Tech Scientific, Inc., Lodi, CA). Nissl staining was performed with 0.1% w/v Cresyl Violet (Sigma).
Statistical analysis
The infusion group had 6 dosed animals with 7 controls, the microsphere group had 9 dosed animals with 9 controls, and the matrix groups had 8-10 animals for each dose with 9 control animals. Except where stated, error bars represent standard error of the mean. Statistical analysis was performed using the GraphPad Prism statistical software (v5.02, GraphPad Software, La Jolla, CA). ANOVA was first used to check for statistical differences between group means with α = 0.05. Post hoc testing of behavioral data utilized a two-tailed Welch's t test. Post hoc testing of biochemical data utilized a regression analysis (the method is described elsewhere, Sheskin, 2007) .
